In S. cerevisiae, two members of the Nramp family of metal transporters (Smf1p and Smf2p) ( Fig. 1 ) act in the uptake and intracellular trafficking of manganese. Nramp (for natural resistance-associated macrophage protein) represents a large family of metal ion transporters that are widely conserved from bacteria to humans (7) . These are metal-proton symporters that act on a broad range of divalent metals, including manganese, iron, cadmium, and copper. In eukaryotes, these transporters are localized at the cell surface or at intracellular sites, but in all cases, the metal is transported in the direction of the cytosol (1, 12, 19, 20, 43) .
The fungal Nramp transporter Smf1p was first identified as one of two genes which, when overexpressed in yeast, would overcome a manganese-dependent protein processing defect in the mitochondria (67) . Subsequently, Supek et al. demonstrated that Smf1p is a high-affinity transporter for manganese (56, 57) . As with other members of the Nramp family, a range of divalent metals can act as substrates for Smf1p. When overexpressed in yeast, Smf1p can increase cellular accumulation of manganese, copper, cadmium, and iron (10, 34) . And when expressed in oocytes, the metals manganese, copper, iron, zinc, and cadmium were all transported by Smf1p in a proton-dependent manner (9, 43) .
Smf1p has been observed to localize to the plasma membrane of S. cerevisiae cells (32, 57) . However, under physiological conditions, Smf1p appears to contribute little to cellular manganese. In measurements of whole-cell manganese, the levels accumulated by smf1⌬ mutants were similar to those accumulated by wild-type cells (36, 57) . Furthermore, smf1⌬ cells showed no obvious defect in activity of manganese-dependent enzymes (36) . Two enzymatic markers for manganese in S. cerevisiae include the manganese superoxide dismutase 2 (SOD2) of the mitochondrial matrix (66) and manganese-requiring sugar transferase (STase) enzymes of the Golgi (13, 36, 52) . Both classes of manganese-dependent enzymes are fully active in smf1⌬ mutants (36) . Therefore, Smf1p cannot be the only source of cellular manganese, and other cell surface transporters for manganese must be operative under physiological conditions (Fig. 1) . These might include high affinity transporters for other metals, such as iron, copper, or zinc, which can also transport manganese at low affinity. Alternatively, as discussed below, manganese can enter the cell via phosphate transporters (24) , and one or more of the phosphate uptake systems in yeast (70) may contribute to manganese accumulation.
The second Nramp transporter for manganese is Smf2p (67). Smf2p shares nearly 50% identity with Smf1p at the amino acid level, but the two proteins are not functionally redundant. While yeast cells can easily tolerate loss of Smf1p, a defect in Smf2p has a profound impact on manganese accumulation and bioavailability, even under manganese-replete physiological conditions. S. cerevisiae strains containing a smf2⌬ deletion accumulate very low levels of manganese (36) , and there is a cell-wide deficiency in manganese that translates to widespread inactivation of manganese-dependent enzymes. STase enzyme activity in the Golgi is inhibited in smf2⌬ mutant strains, as is activity of manganese containing SOD2 in the mitochondria (36) .
With such a profound effect on manganese accumulation and distribution, one might postulate that Smf2p resides at the plasma membrane to facilitate uptake of manganese from the growth medium. However, to date, there is no evidence of Smf2p at the cell surface. Instead, Smf2p has been localized to intracellular Golgi-like vesicles (36, 49) . These vesicles are not the product of Smf2p endocytosis from the cell surface, as there is no change in Smf2p localization in end4 mutants of yeast defective in endocytosis (36) . Instead, we propose that these Smf2p-containing vesicles function as storage depots or as transient passage stations for manganese. Manganese coming into the cell may first converge at these vesicles; Smf2p then functions to release the manganese from these stores for utilization by the cell (Fig. 1) .
The aforementioned model raises the question of how intracellular Smf2p would affect total cellular accumulation of the metal. A feedback mechanism may be at play in smf2⌬ mutants, where absence of vesicular release of manganese signals back to the cell surface to down-regulate manganese uptake from the growth medium. Such a model is analogous to what has been reported for the mammalian Nramp transporter DMT1. In nonintestinal cells, DMT1 localizes to intracellular endocytic vesicles, and loss of DMT1 somehow signals to inhibit iron uptake at the cell surface (1, 14, 22) . Alternatively, we cannot totally exclude the possibility that a small fraction of S. cerevisiae Smf2p directly transports manganese at the cell surface. Thus far, we have detected Smf2p only at intracellular locations and only under manganese starvation when the polypeptide readily accumulates (36, 49) (see "WHEN YEASTS ARE STARVED FOR MANGANESE" section below). Perhaps under manganese-replete conditions, a minute undetectable fraction of Smf2p also resides at the cell surface.
Regardless of the site of Smf2p action, the manganese transported by Smf2p is bioavailable. Some of the Smf2p-transported manganese reaches the Golgi and the mitochondria for activation of STase enzymes and SOD2, respectively. Precisely how the metal is delivered from Smf2p to the organelles is not understood but may involve fusion of Smf2p-containing vesicles with the organelles, as has been suggested for iron trafficking to mitochondria (48, 73) . Alternatively, manganese chaperone molecules may carry the metal across the cytosol, as has been described for copper (44) . Once at the organelle, manganese needs to be taken up by specific membrane transporters of the Golgi and of mitochondria.
Pmr1p SUPPLIES THE SECRETORY PATHWAY WITH MANGANESE
The Golgi apparatus in yeast acquires its manganese through the action of Pmr1p, a P-type Ca 2ϩ -and Mn 2ϩ -transporting ATPase (53) . The calcium and manganese transported by Pmr1p facilitates the proper processing and trafficking of polypeptides that move through the secretory pathway (2, 13, 53, 55) . Pmr1p is the prototype of a growing family of transporting ATPases known as SPCA (for secretory pathway Ca 2ϩ -ATPases), found in various fungi, Caenorhabditis elegans, Drosophila melanogaster, and mammals (e.g., human SPCA1 and SPCA2) (39, 58, 71) . In fact, mutations in human SPCA1 have been associated with Hailey-Hailey disease, a severe skin blistering disorder consistent with defects in protein glycosylation (26, 58) . The Golgi-localized SPCA molecules are members of a large superfamily of Ca 2ϩ -ATPases that also includes cal-
A model for intracellular trafficking of manganese under physiological growth conditions. When S. cerevisiae cells are grown under normal laboratory growth conditions (i.e., standard enriched or minimal medium containing Ϸ1 to 5 M Mn), the metal is taken up via the Nramp metal transporter Smf1p and also by another, as-yet-unidentified metal transporter(s) ("?") at the cell surface. The manganese then traffics through Smf2p-containing vesicles that may represent storage or transient passage stations for the metal. The Smf2p-transported manganese can then move to either the Golgi or mitochondria (mito). Pmr1p pumps manganese into the Golgi for activation of STase enzymes. Although the means by which mitochondria take up manganese is still unknown, Mtm1p in the inner membrane facilitates insertion of the metal into mitochondrial SOD2.
cium pumps at the cell surface and sarco/endoplasmic reticulum calcium ATPase pumps at the sacroplasmic reticulum (39, 55) ; however, the SPCA transporters are unique in that they function in manganese and in calcium transport (39) .
Two regions of Pmr1p have been implicated in ion binding and ion translocation. First, all SPCA transporters contain a calcium binding "EF hand" motif at the N terminus, and this region is necessary for ion binding in vitro and for manganese and calcium transport activity in vitro (65) . By mutagenesis of the EF hand, Wei et al. have succeeded in altering the selectivity for manganese over calcium (65) . In addition to the EF hand, the putative cation translocating regions have been localized to transmembrane helices 4 to 6. And specific mutations in these regions can alter the ion selectivity of Pmr1p. For example, a Q783A substitution near the cytoplasmic face of TM6 destroys manganese transport activity with no apparent effect on Pmr1p's capacity for calcium transport (38, 64) . Such mutants are invaluable for segregating the roles of Pmr1p in donating manganese versus calcium to the secretory pathway.
Pmr1p is clearly critical for manganese activation of Golgi STase enzymes. Strains lacking pmr1 show a defect in STase activity that can be corrected by manganese supplements (13, 36, 53) . However, pmr1 mutants show no loss in activity of manganese SOD2 in the mitochondria (36) . The delivery of manganese to the mitochondria requires a separate pathway that is distinct from Pmr1p (Fig. 1) .
ROLE FOR Mtm1p IN MANGANESE ACTIVATION OF MITOCHONDRIAL SOD2
In order for manganese to reach SOD2 in the mitochondrial matrix, the metal must cross both the outer and inner membranes of mitochondria. The pores in the outer membrane might permit translocation of small manganese complexes (e.g., manganese-phosphate or manganese-glutathione, although evidence for this is lacking). However, passage through the inner mitochondrial membrane would certainly require a membrane transporter.
In an attempt to identify mitochondrial transporters for manganese, we screened the yeast collection of the mitochondrial carrier family (MCF) of transport proteins. This large family of transporters which lie in the inner membrane of mitochondria has evolved to exchange solutes between the mitochondria and cytosol (reviewed in references 5, 41, and 47). S. cerevisiae expresses Ϸ35 distinct MCFs, and humans are estimated to produce at least 40 members (42, 47) . Each member is thought to transport a distinct mitochondrial solute. The substrates for many MCFs have been identified, including compounds of the tricarboxylic acid cycle and nucleotides, while the substrates for other MCFs remain unknown. In our analysis of S. cerevisiae MCFs, we identified a single member that, when deleted, resulted in inactivation of SOD2 due to manganese deficiency in the enzyme. We designated this MCF Mtm1p, for manganese trafficking protein for mitochondrial SOD2 (35) . We surmised that Mtm1p may be a mitochondrial transporter for manganese; however, mtm1⌬ mutants show no deficiency of mitochondrial manganese. In fact, mtm1⌬ mutants accumulate somewhat higher than normal levels of mitochondrial manganese and also very high levels of mitochondrial iron (35).
In our most recent studies, we observed a connection between the high mitochondrial iron of mtm1 mutants and loss of SOD2 activity. Iron is known to bind to, and inhibit activity of, the highly homologous bacterial forms of manganese SOD (6, 40, 50, 68) . Mitochondrial SOD2 of eukaryotes is expected to show similar inactivation by iron. Recent studies suggest that Mtm1p ensures manganese occupancy in the active site of SOD2 over the more abundant metal iron (unpublished results). The precise substrate of transport by Mtm1p has not yet been elucidated, but may represent a small molecule(s) that interacts with metals and favors manganese insertion into the enzyme over iron.
WHEN YEASTS ARE STARVED FOR MANGANESE:
UPREGULATING Smf1p AND Smf2p AT THE POSTTRANSLATIONAL LEVEL
Yeast cells respond to manganese depravation by increasing levels of the Smf1p and Smf2p transporters. The transporters then abundantly accumulate at the cell surface (Smf1p) and intracellular sites (Smf2p) to increase the uptake and dissemination of essential manganese (31, 32, 36, 49) . Starving yeast cells for other metals, such as copper, iron and zinc, also results in enhanced expression of the corresponding metal transporters (e.g., Ctr1p for copper, Ftr1p/Fet3p for iron, and Ztr1p/ Ztr2p for zinc) (reviewed in reference 54). Induction of the copper, iron, and zinc transporters occurs largely at the level of gene transcription (54) . However, manganese starvation does not effect an increase in SMF1 and SMF2 mRNA (32, 49) . In fact, our global transcription profiling analysis failed to reveal an obvious transcriptional regulon for manganese (E. Luk and V. C. Culotta, unpublished results). The response to manganese instead occurs at the posttranslational level. Manganese starvation leads to enhanced stability of the Smf1 and Smf2 polypeptides and a shift in the cellular localization of these transporters (31, 32, 49) .
Under normal conditions, when manganese is amply available, much of the Smf1 and Smf2 polypeptides are directed to the lumen of the vacuole, where they are degraded by vacuolar proteases (31, 32, 49) . Since these transporters can act on a variety of heavy metals, including toxic ions, this degradation of Smf1p and Smf2p is important to minimize cellular uptake of toxic metals. But under conditions of manganese starvation, the transporters fail to arrive at the vacuole and their localization is shifted to either the cell surface (Smf1p) or intracellular vesicles (Smf2p). This shift represents a change in the sorting of Smf1p and Smf2p in the secretory pathway and is mediated by S. cerevisiae Bsd2p (31, 32, 34, 49) (Fig. 2) .
We originally identified BSD2 as a gene that, when mutated, would suppress oxidative damage in yeast cells lacking Cu/Zn superoxide dimutase (SOD1), hence the name bsd2 for bypass SOD1 defect (33) . Mutations in bsd2 are associated with increased manganese accumulation, which helps to neutralize reactive oxygen species (34) . The increase in manganese was found to result from overexpression of Smf1p and Smf2p (32, 34) . In bsd2⌬ mutants, these transporters fail to arrive at the vacuole and are not degraded. Smf1p and Smf2p accrue to high levels in bsd2⌬ cells, even when manganese is amply available (32) . As a result, bsd2⌬ mutants hyperaccumulate a variety of metals, including manganese, copper, cadmium, and cobalt, and become prone to metal toxicity (33, 34) .
Bsd2p is a membrane protein of the secretory pathway found in the endoplasmic reticulum (34), prevacuolar compartments, and vacuole (23). Recent exciting work by H. Pelham has demonstrated that Bsd2p helps direct misfolded proteins to the vacuole for degradation. Although misfolded proteins are generally removed in the ER by a retrieval mechanism involving the proteasome (the unfolded protein response) (37), malfolded proteins can also be removed in the secretory pathway by ubiquitin tagging, which flags polypeptides for destruction in the vacuole. Bsd2p participates in such ubiquitin tagging by recruiting the E3 ubiquitin ligase Rsp5 to the site of the unfolded protein (23) .
Bsd2p is believed to recognize certain transmembrane segments that are misfolded or contain polar amino acids. Targets that have been identified include aberrantly folded mutants of the proton ATPase Pma1p (8) or of the SNARE protein Pep12p (23) , and polypeptides misfolded during heat shock or treatment with the arginine analogue canavanine (23) .
In addition to clearing abnormally folded proteins, Bsd2p is responsible for the vacuolar targeting of certain polypeptides in their native state. These include the carboxypeptidase S Cps1p and the polyphosphatase Phm5p, both enzymatically active residents of the vacuolar lumen (23) . And Bsd2p recognizes Smf1p and Smf2p for vacuolar targeting, leading to their destruction. Indeed, Eguez et al. have noted that Smf1p is subject to ubiquitination and that this modification is necessary for targeting Smf1p to the vacuole (15) (Fig. 2) .
The Smf1p and Smf2p transporters appear unique in that they are a conditional substrate for Bsd2p-ubiquitination, i.e., only when cells have ample manganese. Bsd2p does not recognize these polypeptides during manganese starvation (31, 32, 34) . We have proposed a model in which the binding of manganese to Smf1p and Smf2p in the secretory pathway induces a conformational change that is recognized by Bsd2p (Fig. 2) . Indeed, we have found that mutations G190A and G424A in Smf1p that abolish transport activity also abolish recognition by Bsd2p, and these proteins accumulate to high steady-state levels in cells with ample manganese (31) . Perhaps these mutants are unable to bind manganese and are therefore unable to adopt the conformation recognized by Bsd2p. We have also identified Smf1p mutants Q419A and E423A, which are constitutively targeted to the vacuole for degradation in a Bsd2p-dependent manner, even under manganese starvation conditions (31) . Presumably, these mutants are always misfolded and mimic the conformer of manganese-activated wild-type Smf1p. . This lack of recognition by Bsd2p is not sufficient to move Smf1p to the cell surface, and in a second step, manganese-free Smf1p may be recognized by another protein trafficking factor (as yet unknown; "?") that helps direct Smf1p to the cell surface for the uptake of manganese from the growth medium.
Although Bsd2p is a major player in dictating the trafficking of Smf1p and Smf2p, this is not the complete story. In cells lacking Bsd2p, Smf1p does not enter the vacuole, nor does it move to the cell surface; rather, the transporter accumulates in the Golgi and endoplasmic reticulum (32) . Smf1p only reaches the plasma membrane when cells are starved for manganese (32) . We therefore propose a two-step model for Smf1p movement to the cell surface (Fig. 2) . First, in the absence of manganese, Smf1p adopts a conformation that escapes recognition by Bsd2p. Second, this manganese-free Smf1p is recognized by another regulator(s) of the secretory pathway that directs its movement to the plasma membrane (Fig. 2) .
WHEN MANGANESE LEVELS BECOME TOXIC: BRINGING THE METAL IN AND MOVING IT OUT
At high doses, manganese is toxic. Even through Smf1p and Smf2p are largely absent under manganese-replete or manganese toxicity conditions, cells still accumulate the metal by other transport mechanisms. Our recent studies support a role for the phosphate transporter Pho84p in yeast uptake of toxic manganese.
PHO84 encodes a cell surface inorganic phosphate transporter that is a major source of phosphate for S. cerevisiae (70) . Our studies show that Pho84p also acts as a low-affinity manganese transporter. When cells are exposed to high manganese concentrations (in excess of 10 M), they accumulate the metal in a linear fashion, and a deletion in pho84 eliminates the uptake of excess manganese (24) . As such, Pho84p appears to be the major source of toxic manganese for the cell.
Using reconstituted proteoliposomes, Fristedt and colleagues have shown that recombinant Pho84p can transport metal-phosphate (MeHPO 4 ) complexes, with manganesephosphate being a particularly good substrate (21) . It is therefore conceivable that when yeast cells are exposed to very high levels of manganese, the manganese-phosphate complexes that form in the environment are readily taken up via the Pho84p transporter (Fig. 3) . Unlike Smf1p and Smf2p, there is no known down-regulation of Pho84p in response to manganese; therefore, the cell becomes quite vulnerable to manganese toxicity. Fortunately, much of the accumulated manganese is eliminated from the cell via the action of Pmr1p.
Pmr1p not only plays a role in supplying Golgi STase enzymes with manganese (as described above) (Fig. 1) but also is the major route for eliminating toxic manganese from the cell. Mutants lacking Pmr1p are exquisitely sensitive to manganese toxicity and accumulate very high levels of the metal, largely in the cytosol (27, 28, 58) . Presumably, the excess manganese pumped into the Golgi by Pmr1p proceeds to exit the cell via secretory pathway vesicles that merge with the cell surface and release the manganese contents back into the extracellular environment (Fig. 3) .
Humans express two Pmr1p homologues: SPCA1 functions in both calcium and manganese transport of diverse cell types (18, 39, 58) , and SPCA2 is expressed specifically in the brain (71) . Recent work by Xiang et al. strongly indicates that SPCA2 does not function in calcium transport but that it has specifically evolved for manganese homeostasis (71) . The central nervous system is particularly vulnerable to manganese toxicity, and SPCA2 has been implicated as a major player in eliminating toxic manganese from the brain (71) .
CONFISCATING TOXIC MANGANESE IN THE YEAST VACUOLE
In S. cerevisiae, the vacuole is somewhat analogous to the mammalian lysosome in that it plays an important role in turnover of macromolecules. Yet unlike the lysosome, the yeast vacuole is also a major site for ion homeostasis, including the storage and detoxification of heavy metals. Manganese is more concentrated in the vacuole than in the cytosol, and by sequestrating this metal, the vacuole helps protect other cellular compartments from manganese-related damage (51, 72) . There is ample genetic evidence for the role of the vacuole in manganese detoxification. Manganese homeostasis is interrupted by numerous mutants affecting vacuole biogenesis and vacuolar acidification (16, 45, 51) . Manganese is believed to enter the yeast vacuole via two transport pathways involving S. cerevisiae Cos16p (45) and Ccc1p (29, 30) (Fig. 3) ; mutations in either pathway increase cellular sensitivity towards manganese, presumably due to lack of vacuolar sequestration of the metal. An additional protein that affects manganese toxicity is the vacuolar membrane protein S. cerevisiae Mam3p.
Mam3p is a member of the ACDP (ancient conserved domain protein) family of membrane proteins (62, 63) . Unlike vacuolar Cos16p and Ccc1p, which help to detoxify manganese, Mam3p seems to augment manganese toxicity (72) . Deletion of MAM3 increases cellular resistance to manganese, while MAM3 overexpression lowers such resistance (72) . MAM3 was originally identified as a yeast mutant with aberrant mitochondrial morphology (hence the name) (17) ; however, these results were not reproducible for other strain backgrounds and there is no obvious mitochondrial defect in mam3 mutants FIG. 3 . Manganese trafficking under manganese surplus or toxicity conditions. When S. cerevisiae cells are grown in the presence of surplus manganese (Ϸ10 to 100 M), the metal is taken up largely in the form of manganese-phosphate complexes via the Pho84p phosphate transporter. Two major manganese detoxification systems sequester the metal and help eliminate excess manganese from the cell. A bulk of the excess manganese is pumped into the Golgi via Pmr1p and the metal then exits the cell via the secretory pathway. Manganese is also delivered into the yeast vacuole by Ccc1p and perhaps by Cos16p as well. The action of vacuolar Mam3p is not known, but it helps contribute to manganese toxicity. It is noteworthy that one of the human homologues to Mam3p, namely ACDP1, has been associated with urofacial syndrome, a rare genetic disorder affecting facial expression and urinary tract functions (60, 61) . While the precise function of ACDP1 is still unclear, our findings with the Mam3p homologue suggest a role in metal homeostasis.
SUMMARY
Manganese is a biologically important metal that is both a nutrient and a toxic element. Cells must therefore carefully control the uptake and trafficking of this ion. While the picture of manganese homeostasis is far from complete, many advances have been made with the baker's yeast, S. cerevisiae.
Under nonstressful conditions, when manganese is amply available, the uptake and intracellular dissemination of the metal rely heavily on Smf2p, a Nramp manganese transporter. Emerging downstream of Smf2p are at least two manganese trafficking pathways, one that escorts manganese to the Golgi, where the transporting ATPase Pmr1p delivers manganese to sugar transferases, and a separate pathway that delivers manganese to mitochondrial SOD2 (Fig. 1) . The mitochondrial transporter for manganese is still unknown, yet the metal is made available to SOD2 through the action of Mtm1p, a member of the mitochondrial carrier family (Fig. 1) .
When cells are faced with manganese starvation, they respond by increasing levels of both Nramp manganese transporters, Smf1p and Smf2p. Normally, Smf1p and Smf2p are largely degraded in the vacuole to minimize uptake of toxic metals. But with manganese starvation, the transporters fail to arrive at the vacuole and instead localize to the cell surface and intracellular vesicles to enhance uptake and distribution of the metal (Fig. 2) . The mechanism by which cells sense manganese and respond by shifting localization of the Nramp transporters is an area of current investigation.
At the opposite end of the spectrum, i.e., when cells are exposed to toxic levels of manganese, the Smfp transporters are essentially nonexistent. However, cells still accumulate the metal by way of manganese-phosphate complexes taken up by the Pho84p phosphate transporter. The excess manganese is then either sequestered in the vacuole or eliminated from the cell by way of Pmr1p and the secretory pathway (Fig. 3) . The role of the secretory pathway in manganese homeostasis and detoxification is likely to be conserved among eukaryotes and is of particular relevance in cases of manganese neurotoxicity in humans.
